Abstract Measurements of nonlinear modulus and attenuation of fractures provide the opportunity to probe their mechanical state. We have adapted a low-frequency torsional apparatus to explore the seismic signature of fractures under low normal stress, simulating low effective stress environments such as shallow or high pore pressure reservoirs. We report strain-dependent modulus and attenuation for fractured samples of Duperow dolomite (a carbon sequestration target reservoir in Montana), Blue Canyon Dome rhyolite (a geothermal analog reservoir in New Mexico), and Montello granite (a deep basement disposal analog from Wisconsin). We use a simple single effective asperity partial slip model to fit our measured stress-strain curves and solve for the friction coefficient, contact radius, and full slip condition. These observations have the potential to develop into new field techniques for measuring differences in frictional properties during reservoir engineering manipulations and estimate the stress conditions where reservoir fractures and faults begin to fully slip.
Introduction
Fractures represent a dominant form of permeability in many energy-related reservoirs [e.g., Bear, 1972; Haimson, 1975; Zoback and Byerlee, 1975; Selvadurai and Glowacki, 2008] . The geophysical response of open fractures in the subsurface is sensitive to their mechanical state (such as stress, asperity contact area, aperture, friction coefficient, displacement, fluid, or proppant filled) [e.g., Pyrake-Nolte, 1996] . These fractures can also be the source of observed microseismicity induced by fluid injection or production [e.g., Rutledge and Phillips, 2003] . Active seismic time-lapse monitoring has the potential to record changes in the signature of the mechanical state with these reservoir engineering activities [e.g., Daley et al., 2007] as well as stress effects on fractures within larger fault zones [e.g., Niu et al., 2008] . The mechanisms and seismic sensitivity must first be tested and understood in laboratory-scale experiments; such findings should guide design of the next generation of field experiments and assist in interpretation of existing field data.
The potential to seismically detect frictional dissipation in cracked rocks has long been pursued [e.g., Birch and Bancroft, 1938; Walsh, 1966; White, 1966] . Cyclical loading and unloading on crack interfaces have been shown to cause amplitude-dependent seismic attenuation [e.g., Mavko, 1979] . In fact, attenuation, or the inverse of quality factor (Q), was originally referred to as "internal friction" because it was assumed that energy was frictionally dissipated within materials. Frictional attenuation has been experimentally shown for strains above about 10 À6 [e.g., Gordon and Davis, 1968; McKavanagh and Stacey, 1974] . However, crack friction was later discounted as a dominant source of seismic attenuation, because most seismic waves away from the source have strain below 10
À6
, which will not induce greater than interatomic spacing scale (~10 nm) displacement on cracks of length less than 100 μm, a rough upper bound for the majority of crack lengths in intact rock [Savage, 1969; Winkler et al., 1979] . Frictional attenuation must be revisited as a mechanism when (1) fractures are larger (as in fractured reservoirs and tectonic settings of interest) or (2) higheramplitude seismic waves are used to probe material properties, e.g., close to the seismic source, particularly in borehole geometries. Under these conditions, friction on fracture faces may be detectable seismically, thus providing further field-scale information about interrelated fracture properties including displacement, fracture density, asperity contact area, or friction coefficient. These mechanical properties have been shown to directly relate to important hydrologic properties, in certain circumstances following universal scaling relationships [Pyrake-Nolte and Morris, 2000; Pyrake-Nolte and Nolte, 2016].
Previous experimental studies of frictional attenuation [e.g., Gordon and Davis, 1968; McKavanagh and Stacey, 1974] have also found nonelliptical cusps in the stress-strain curves, a signature of nonlinear hysteresis. Nonlinear hysteresis, with endpoint memory, has been described using a Preisach-Mayergoyz model space of hysteretic elements that open and close at different stresses [Guyer et al., 1995] . This nonclassical nonlinear elasticity has been observed in a range of microcracked, but intact, rock types [Rivière et al., 2015] and wave types [Remillieux et al., 2016] . Unfortunately, there is a paucity of experiments exploring the properties of single, discrete, throughgoing fractures, where frictional processes are enhanced compared to intact, microcracked, rocks. These macroscale fractures also allow better characterization of the interface geometry that determines frictional behavior.
Frictional behavior on rock fractures is also of fundamental interest for a range of seismic processes, from the earthquake cycle to triggered and induced seismicity. Laboratory and field data have shown precursory decreases in seismic velocity before the full range of slip events [e.g., Niu et al., 2008; Chen et al., 2010; Rivet et al., 2011; Scuderi et al., 2016] . In the lab, these elasticity changes have been attributed to creep and associated grain boundary sliding, particle rolling, and microcracking of the fault gouge, while dilation was negligible [Scuderi et al., 2016] . However, underlying precursory processes are still not well constrained or quantified. A variety of laboratory studies have characterized the rate-and-state frictional properties of fault rocks and gouge at steady state sliding conditions, after the critical slip distance has been reached [Marone, 1998] . Unfortunately, there are few experimental techniques or parameterizations for the frictional behavior at displacements less than the critical slip distance, the initiation of partial slip on the outside of the asperities before they are fully sliding [e.g., Boitnott et al., 1992] . More studies of this slip regime could help in understanding these precursory signals and the physical processes occurring, while the critical slip distance is reached and earthquake nucleation begins. By relating the dominance of fully slipping contacts and the critical slip distance, we measure the stress-displacement behavior of partial slip on mated rock fractures to calculate the critical slip distance using partial slip models [e.g., Paggi et al., 2014; Selvadurai and Glaser, 2015a] . This technique could be used with high-strain field data to predict the approach toward the critical slip distance and thus the displacement or stress conditions at which full slip would nucleate.
We have adapted a low-frequency (0.1-100 Hz) subresonance apparatus, designed for shear modulus and attenuation measurements Wannamaker, 1991a, 1991b; Saltiel et al., 2017] to explore the seismic signature of fractures and understand the mechanics of asperity contacts under low normal stresses and a range of shear strains. Our instrument is unique in its ability to conduct measurements at low normal stresses, simulating "open" fractures in shallow or high fluid pressure reservoirs, which often dominate the permeability of fractured systems. These are also the conditions where our fractures initiate partial slip at micron-scale displacements. We focus on quantifying the nonlinear elasticity and frictional attenuation of rock fractures in an effort to interpret this signal and obtain information about friction on fractures in the field. Making these measurements during reservoir engineering manipulations such as fluid injection will also improve our understanding of the poromechanical changes that lead to microseismicity and help predict the stress and displacement conditions when full slip will nucleate into an earthquake.
Methods and Materials
We use a forced torsional oscillator to directly measure the complex shear stress and strain of cylindrical rock samples (about 9 mm in diameter with various lengths). The apparatus is a segmented torsional spring. One end has a magnetic driver, which sinusoidally twists the entire bar of the apparatus in series from a fixed point at the other end. Since all the components of the apparatus are assumed elastic on the
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time scales of interest, the torque (and shear stress) is transmitted evenly throughout the entire bar length; by measuring the amount and timing of the twist at various locations along this bar, we can calculate the shear modulus and attenuation of the sample. There is a "pretwist" static load applied to the sample, oscillating the torque around that point. This allows oscillation without added hysteresis from going through the neutral point. The driver can oscillate at frequencies between 0.1 and 100 Hz, but all measurements in this study are preformed at 8 Hz. Errors are calculated from the systematic error in our calibration curves, contributing ±6.6% error in the strain and modulus. The attenuation is not measured using calibration curves, and thus, it is more difficult to assign a systematic error. A detailed description of the apparatus and error analysis is given in Saltiel et al. [2017] .
The instrument is well suited for studying nonlinearity and fractured rocks for several reasons. First, the range of accessible stress allows measurement under high strains where nonlinearity is more pronounced and frictional sliding initiates on fracture surfaces. Although we cannot measure full slip events where the stress is not transmitted through the fracture, the high degree of displacement control allows us to bring the surfaces to the brink of slipping, allowing exploration of partial slip conditions. Our uniaxial stress assembly provides normal stress to close fractures and slowly open them with decreasing confinement. This effectively simulates important processes in fractured reservoirs such as pore pressure (and thus effective stress) changes from injection or production. Our apparatus can accomplish very low normal stress measurements, which are inherently difficult for typical instruments that rely on confining pressure of at least 10 MPa, and jacketing, to create frictional contact with the sample [e.g., Jackson et al., 2011; Li et al., 2014] . Lastly, the instrument can be adapted for different environmental controls, including temperature, humidity, and reactive fluid flow.
We employed a custom machined holder to create a tensile fracture across the diameter of the sample. The holder has 12 sharpened screws positioned into a groove carved around the periphery of the sample. As the screws are slowly tightened evenly around the diameter, they force open a tensile fracture that remains perpendicular to the diameter of the cylindrical sample. This results in a well-mated tensile fracture with relatively smooth and low topography (Figure 1 ). No visible material was lost during fracturing from the 
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dolomite and granite samples, but the rhyolite sample lost a section about a sixth of the cross-sectional surface area, as seen by the depression on the upper left of the topography (Figure 1a ). The loss of this material in the rhyolite sample is likely due to microcracks from the process zone reaching the fracture surface [Moore and Lockner, 1995] . The rhyolite may have larger microcracks due to its brittle nature, or the cracks may be more likely to reach the surface due to its smaller grain size. Optical profilometry and pressure-sensitive film [Selvadurai and Glaser, 2015b] were used to characterize fracture surfaces; techniques and analysis are described in Saltiel et al. [2017] .
We focused on measuring an artificially fractured dolomite (dolostone) core from the Duperow formation, a carbon sequestration target in north central Montana. The sample was cored from the Danielson well (API 811151), at a depth of 1,017.3 m. An adjacent plug (34B) was found to have a density of 2.716 g/cm 3
, permeability of 0.01 mD, and porosity of 2.51% [Spangler, 2014] . We also measured the ultrasonic P and S wave velocities for the plug at 5340 ± 160 and 3300 ± 100 m/s, respectively [Saltiel et al., 2017] . The cores, as well as preliminary surface seismic and well log data, suggest that this reservoir has relatively low matrix permeability but many open, healed, and partially healed natural fractures. Preliminary modeling [Zhou et al., 2013] suggests that the pore pressure change associated with large-scale supercritical CO 2 storage would be significant and likely generate the largest seismic property alteration during proposed injection activities; existing open fractures should be the most sensitive to such increases in pore pressure. A picture of the dolomite sample and surface characterization of its artificial fracture face are shown in Figure 1 .
To show the generality of the observed behavior and its dependence on rock type or surface geometry, we also tested artificial tensile fractures in Montello granite and Blue Canyon Dome rhyolite samples (Figure 1 ). The Montello is competent, fine-grained granite, from a quarry in Wisconsin. It was selected because it has few microcracks, so the effect of the throughgoing fracture dominates any stress dependence from the rest of the intact rock. The Blue Canyon Dome rhyolite is a fine-grained, competent igneous rock. Our sample was cored from an experimental pilot site in central New Mexico; the site is utilized as a shallow analog for testing enhanced geothermal stimulation techniques and relevant monitoring approaches [Knox et al., 2016] .
Results
Each of the rock types was measured intact and fractured under a range of normal stresses, to monitor the linear anelasticity changes as the fracture opens. These data for the Duperow dolomite sample, as well as other granite and polymer surfaces, are presented and analyzed in a past publication [Saltiel et al., 2017] . While intact and fractured under higher normal stresses, the samples show linear stress-strain curves, with comparatively little nonlinearity. For this study we focused on the nonlinear effects at the lowest measurable normal stresses, before full slip occurs. We were unable to measure the rhyolite sample at lower normal stresses because, as described previously, a piece was lost from the interface during the fracturing process, limiting the amount of contact area available, especially at low normal stresses. The 1000 measurements for each sample were taken by progressively increasing the oscillation amplitude over the course of about 3 h (Figure 2 ). The sample shows little hysteresis when remeasured at the lowest amplitudes (not shown). Stress-strain curves and strain-dependent moduli and attenuation changes were measured in all three of the rock types with differing slopes (Figure 2 ). The single effective asperity partial slip model, described below, is fit for each stress-strain curve and plotted on the measurements in black (Figure 2a) . Equations for linear fits are given on the modulus versus strain plots (Figure 2b ).
The different rocks' strain-dependent softening slopes vary by about a factor of 5 (Table 1 ). The nonlinear parameter (α) is calculated from the change in modulus with increasing strain, following the equation:
where ΔG is the change in modulus, normalized by the low strain amplitude modulus, G, and ε is the strain, in units of μstrain. The nonlinear parameter has been measured for a range of microcracked rocks to have comparable values. For example, α~0.012 μstrain À1 was measured in extension for intact Berkeley Blue granite [Rivière et al., 2015] and α~0.0028 μstrain À1 was measured for Berea sandstone in torsion [Remillieux et al., 2016] . In contrast, granular media, such as fault gouge, have been measured to have stress-strain curves that roll over completely, giving a negligible shear modulus at high strains [e.g., van der Elst and Savage, 2015]. We
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expect that throughgoing fractures will exhibit strain-dependent behavior approaching unconsolidated granular media when under lower normal stresses or higher shear amplitudes.
We also solve for the proportionality between attenuation and strain amplitude (Table 1) , which can be compared to consolidated data for various intact, microcracked, rocks given in Mavko [1979] . As expected, the fractured rocks we measure have about an order of magnitude greater attenuation (Q order 100 for Montello granite fracture versus order 1000 for intact Chester granite) and amplitude dependence (~400 rad/strain for the Montello granite fracture versus~40 rad/strain for intact Chester granite) than comparable intact rocks [Gordon and Rader, 1971] . This is not a perfect comparison, because the intact Chester granite measurements were made in longitudinal compression, but the order of magnitude difference is robust [Gordon and Rader, 1971] . We also found that the attenuation saturates at high strains for the Duperow dolomite fracture, as seen in Figure 2c . This behavior has been observed in high strain measurements of frictional attenuation in intact rocks, such as Fredrick diabase [Cooper, 1979] .
Discussion and Conclusion
These measurements provide evidence of partial slip on the fracture interface. The departure from linear stress-strain relationship, where the modulus is a constant, is caused by the initiation of slip on the outside of the asperity contacts; this is referred to as partial slip because the centers of the asperities remain stuck. As the strain amplitude increases, the stuck section of the contacts shrink and the slipping regions grow, causing a smaller resistance to shear or lower measured shear modulus. This softening continues until the asperities are completely slipping and the stress-strain curve is flat because slip continues without increasing the stress. We associate the displacement Figure 2 . Strain-dependent (a) shear stress, (b) shear modulus, and (c) shear attenuation for all three tensile rock fractures at their lowest measurable normal stress conditions. Duperow dolomite at 0.375 MPa is shown in blue, Montello granite at 0.33 MPa in red, and Blue Canyon Dome rhyolite at 2 MPa in green; error bars are estimated from the systematic error (as described in text) and plotted in cyan. The best fit single effective asperity partial slip model is plotted with black line on each measured stress-strain curve (Figure 2a) , and the equation for linear fit of modulus versus strain is given (Figure 2b ), where the slope is a measure of the nonlinearity, and the y intercept is the modulus at infinitesimal strain. The nonlinear parameter α is this slope normalized by the modulus.
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where the full slip condition is reached with the critical slip distance (d c ), a rate-and-state friction parameter [Ruina, 1983] .
The measured shear stress-strain curve (Figures 2a and 3) resemble other experiments and models of micronscale initial displacements due to direct shear on frictional interfaces [e.g., Boitnott et al., 1992] . The data and model fit values, described below, are comparable to those found for Westerly granite fracture faces under higher normal stresses of~10 MPa [Boitnott et al., 1992] . This suggests that our displacements are in the range dominated by partial slip, before many asperities are fully slipping, and is consistent with measurements of flat stress-strain curves when asperities fully slip.
In order to model the measured nonlinear stress-strain constitutive relationship, we implement an effective single asperity partial slip model. Mindlin [1949] solved the mixed boundary value problem for two spheres in contact assuming a simple friction strength law:
where t S is the maximum magnitude of the shear traction on a patch of real contact area, t N is the magnitude of the normal traction at the same location, and μ f is the constant friction coefficient. The resulting single asperity force-displacement relationship can be expressed as follows:
where G is the intact rock shear modulus, a is the radius of the asperity contact, δ is the shear displacement, assumed uniform everywhere, and ν is the intact rock Poisson's ratio. The shear force and displacement is then converted to stress and strain given the measured sample geometry. We use this equation to calculate the shear stress for our measured range of shear strains, giving a stress-strain relationship that can be compared to the observations. 
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We make several assumptions in using this simplified model. First, we use a single effective circular contact to represent the complex asperity geometry (Figures 1a and 1b) , making the inverted parameters effective values, which represent the heterogeneous properties of the entire surface. Also, the model is designed for linear slip geometry, while we are slipping in torsion, but each of the asperities individually is deforming linearly in the tangential direction, given our small angular displacements.
By integrating this single asperity shear force-displacement relationship over a statistical population of asperities on a planar fracture [Boitnott et al., 1992] or a spherical grain pack with a given porosity and coordination number [Duffaut et al., 2010] , nonlinear, friction coefficient-dependent, constitutive relations for partial slip have been derived and compared to laboratory data. More complex modeling, using surface characterization methods to constrain the asperity and surface geometry, could also be implemented to better understand the frictional properties of the interface but are outside the scope of this letter. The current pressure sensitive film cannot resolve the low normal stresses on asperities at the lowest measurable applied uniaxial loads, but more sensitive film measurements could also be combined with numerical models to understand the effect of asperity interaction and geometry.
The simple single asperity model can be fit to the observed nonlinear strain-softening behavior for all three of the fractures (Figure 2a ), using measured rock elastic properties, normal stress conditions, and fitting two free parameters-asperity radius (a) and friction coefficient (μ f )-which effectively represent the entire surface. The effective asperity radius is related to the sum of all asperities, not a characteristic size. This fit radius is then used to calculate an effective asperity area (A = πa 2 ), which is used to estimate the real contact area. Figure 3 shows the fit in detail for the Blue Canyon Dome rhyolite fracture, and the model misfit surface for combinations of the fit parameters, calculated using equation (3). As can be seen, while the fit seems to have a higher sensitivity to asperity radius, both parameters are effectively constrained. As stated previously, the fitted asperity contact area cannot be compared directly to the measured contact area from pressure sensitive film measurement (Figure 1d ), but the calculations are consistent with the upper bound on real contact area provided by the film under slightly higher normal stresses. It is expected that even for very smooth surfaces, the real contact area is much less than the total cross-sectional area [Scholz, 2002] . These fits are effective values thus also include the effect of asperity interaction, which has been shown to increase the effective contact area, relative to the measured real contact area, and stiffen rock fracture surfaces [Saltiel et al., 2017] .
The parameter fits for all three fractured samples, as well as the modulus and attenuation slopes with strain, are given in Table 1 . The fit for the dolomite sample is not as robust as those for the other samples due to the larger variations in slope with time during the experiment. The model fits presented are used to show that the proposed process explains the measurements' general features, not to interpret the parameter values in detail. A more complex asperity model is likely necessary to fully fit the data and understand the friction coefficient for each rock type.
By fitting our data for the initiation of partial slip (the first~1.8 μm of displacement) for the Blue Canyon Dome rhyolite, we extrapolate the curve to calculate the shear displacement (d c = 2.57 μm), or strain (7.34 × 10
À5
) and force (t Scr = 11.68 N), or stress (183.6 kPa), where the effective asperity is fully slipping, a proxy for the critical slip distance. The calculation of critical slip distance is more robust than the fitting parameters, because it only relies on extrapolating the shape of the curve, not on any quantitative input values. The force-displacement curve for the rhyolite sample appears to stiffen slightly at the very highest strains; this may be due to ploughing in those asperities that are fully slipping, as was suggested by Boitnott et al. [1992] . These comparisons and model fits support our hypothesis that we are measuring frictional attenuation and partial slip. The data also show that these signals are enhanced in rocks with larger, throughgoing fractures. Although frictional attenuation mechanisms and nonlinear effects are not seen as dominant signals for seismic-amplitude strains on microcracked, intact rocks, these findings suggest that they could be important and useful on macroscale reservoir fractures or faults with high-amplitude waves, such as near repeatable crosswell sources. Although humidity insures adsorbed water on fracture surfaces, bulk fluids in the subsurface would likely modify the friction, potentially through lubrication or by increasing the area under frictional contact [Cooper, 1979] . Future experiments will address the effect of fluids on these measurements.
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Measurements of this kind in a wide range of rock types, fluid conditions, and fracture geometries could help in understanding the evolving frictional properties and how they respond to reservoir and fault processes. For example, monitoring reservoir injection for these signals could elucidate the effect of elevated pore pressures in opening fractures and changing their frictional response. One possibility is constraining the lubrication effect of injectants (e.g., scCO 2 ) and their chemical interaction with fracture surfaces in situ. This new frictional information could be especially useful in explaining injection-induced seismicity and provide needed feedback to operators. The potential to measure the approach toward critical stress states directly would be an important tool in reservoir stress management and limiting induced seismicity hazards.
